The immediate short term effects on some physiological processes and the long term effects on morphology and reproductive development of root-and shoot-chilled soybeans (Glycine max L. cv Ransom) were studied. Roots or shoots of 16-or 17-day-old plants were chilled at 10°C for one week, and then rewarmed to 25°C. Leaf (3, 4, 9, 14-17, 20, 21, 23 The pots were watered with deionized H20 twice a day for the first 10 d to avoid leaf damage from an excess of minerals. Later the watering regime was changed to a half-strength modified Hoagland solution (6) in the morning and deionized H20 in the afternoon. During and after the chilling period, the pots were watered three times/d with nutrient solution.
uptake rate, and stomatal conductance decreased during root or shoot chilling. Root chilling had only temporary effects on water relations, while shoot chilling caused large changes in potentials during chilling. Most processes measured returned to control levels after two days of rewarming. Root-chilled plants harvested 90 days after emergence were similar in morphology and seed weight to controls. Shoot-chilled plants showed a large increase over controls in axillary branch growth, but an early abortion of flowers and a delayed resumption of flowering caused a 78% reduction in seed weight. Root chilling in this study was found to have little or no long term effect on the plants, while shoot chilling caused significant changes in vegetative morphology, and a delay in flowering and subsequent pod filling.
Chilling injury is common in crop plants of tropical or subtropical origin when they are exposed to nonfreezing temperatures below 12°C, or occasionally as high as 15 'C in some varieties of rice (2) . Most experiments have involved treatment for short periods, such as overnight (5) , for 24 h (18), or for 3 d (22) , and observations usually ended soon after the chilling was terminated. The chilled plants seldom have been grown to maturity. These and other similar short term experiments caused various symptoms including wilting, decreased growth rate, pollen sterility, reduction of photosynthesis, chlorosis, ultrastructural damage, and tissue death (3, 4, 9, 14-17, 20, 21, 23) . In many instances stomatal closure occurred, but in some experiments the stomates were said to remain open (26) . Few of these experiments were designed to distinguish between the effects of root and shoot chilling, although it is well established that cooling root systems produces wilting and other symptoms ofwater stress (13) .
The experiments reported in this paper were designed to compare both the short and long term effects of root versus shoot chilling for 1 week on 16- The root temperature was controlled independently of the shoot temperature by inserting the pots through holes in the cover ofa temperature-controlled air bath cabinet (Environmental Growth Chambers, Chagrin Falls, OH). The surface of the soil in each pot was insulated from the growth chamber air by discs of foam plastic. Nutrient solution used to water the plants via drip tubes was temperature-conditioned by storage in coils of tubing in the temperature-controlled portion of the root cabinet.
The three temperature treatments were: controls (shoots and 2Abbreviations: PPFD, photosynthetic photon flux density; VPD, vapor pressure deficit; ANOVA, analysis of variance. 778 roots, 25°C); root chill (shoots, 25°C; roots, 10°C); shoot chill (shoots, 10°C; roots, 25°C). Air temperature was measured with a shaded thermocouple, while soil temperature was measured with a thermocouple placed 10 cm below the surface. Pots not inserted in the root cabinets were wrapped in aluminum foil to reduce radiative heating by the chamber lights.
Because of chamber size and amount of data to be collected, the chilling treatments were done sequentially rather than simultaneously. In addition, each treatment was repeated on a second group of plants to confirm that the results were reproducible and to collect additional data.
Measurements were made of leaf lengths, water and osmotic potentials, stomatal conductances, and net CO2 uptake rates just before, during, and for 2 d following the chilling period. Flowering behavior was observed during the experiment and plants were harvested at the end of 90 d of growth. The degree of replication for each measurement is noted when the data are presented. In addition to the results which are described in this paper, measurements of concentrations of leaf pigments, Chl fluorescence, and electron microscope studies of chloroplasts were also made (unpublished data).
Leaf Elongation Rate. Growth of leaves was followed by measuring the length of the middle leaflet of all visible trifoliolate leaves. Daily measurements were made on 10 plants, usually within I h after the lights came on. The elongation rate of a leaf was calculated from the slope of leaflet length as a function of time. This rate was determined for the 2-d interval that included the estimated time at which a leaf reached half its maximum length.
Water Relations. Xylem pressure potentials were measured with a humidified Scholander pressure chamber (25) in early afternoon on first or second trifoliolate leaves (counting from the base of the plant) of six plants. After removal from the pressure chamber, the leaves were wrapped in 'Saran' plastic film (polyvinylidene chloride), which is highly impermeable to water vapor (10) , and immediately placed in a freezer at -20°C. Cell sap was expressed from the thawed tissue with a hydraulic press under 7 MPa of pressure, and the osmotic potential was determined with a Wescor model 5100 C vapor pressure osmometer. Turgor potential was calculated from the difference between the water potential and osmotic potential.
Stomatal Conductance. Stomatal conductance was measured with a LiCor model LI-1600 steady state porometer. Conductance measurements of the abaxial surface were taken just prior to the measurements of net CO2 uptake rate described later, using the same leaves that were to be used in the CO2 measurements. Only the abaxial leaf surface conductance was measured because we wished to keep the conductance and net CO2 uptake rate measurements as close together in time as possible. Measurements on control plants indicated that the adaxial stomatal conductance was about one-half of the abaxial stomatal conductance.
Net CO2 Uptake Rate. The rate of net CO2 uptake at the growth chamber ambient temperature was measured daily in midafternoon with an 'open' type gas exchange system (12) , and a clamp-on leaf cuvette (19) . A Beckman model 865 IR gas analyzer was used to measure the cuvette CO2 concentration differential. The CO2 content of the air entering the cuvette was between 340 and 350 ,ul I' during the measurements, and the humidity was adjusted to equal that of the growth chamber. The leaf cuvette was not temperature controlled, but equilibrium exchange rates usually were obtained within 2 to 3 min after enclosing the leaf, and leaf temperatures in the cuvette did not rise more than about 2°C during the measurements. The ambient light of the chamber, about 500 ,E s-' m 2 PPFD, was used for all measurements. The middle leaflets of fully expanded first or second trifoliolate leaves of 10 plants were used, but on the third day of chilling, measurement was switched from the first to the second trifoliolate leaves because of concern over possible senescence of net CO2 uptake in the older leaves. However, later checks showed that, at least for control plants, the net CO2 uptake rates did not change during the chilling interval and uptake rates for first and second trifoliolate leaves were similar.
Flowering Behavior. Observations of the time from seedling emergence to anthesis and qualitative estimates of flower abortion were made.
Harvest. Since we wanted to compare long term effects of chilling on vegetative morphology, including leaf area, as well as to investigate effects on reproductive development, the plants were harvested at 90 d after emergence. At this age most of the leaves were still present on the plants, and the pods on the control plants were approaching maturity. Determinations of number, size, and dry weight of plant organs were made on four plants from each treatment.
Statistical Analyses. (Table I) .
The control plants used in these measurements appeared to be developmentally about 1 d behind the plants selected for the root and shoot chilling treatments. This fortuitous difference had little effect on the comparison of elongation rates at the time of 14 16 18 20 22 24 Days after Emergence FIG. 1. Lengths of middle leaflets of third trifoliolate leaves from control (0), root-chilled (0), and shoot-chilled (x) Ransom soybeans. Each point is the mean (+SE bars) of 10 plants. SE for a mean without bars is smaller than the symbol used for plotting.
Plant Physiol. Vol. 73, 1983 Root chilling reduced the elongation rate of trifoliolate leaf 3 to one-half of the control rate, while shoot chilling reduced the elongation rate to one-fifth of the control rate. Leaf 3 of shootchilled plants elongated rapidly upon rewarming to 25°C (Fig.  1) . This rewarming elongation rate (days [23] [24] [25] was similar to what the control rate had been when the control leaf was the same size (days [18] [19] [20] . An increase in elongation rate of leaves when rewarmed was also observed in younger trifoliolate leaves of shoot-chilled plants. Root-chilled leaf 3 had nearly reached its maximum length by the end of the chilling period, so that rewarming had little effect on its elongation rate (Fig. 1) shoot-chilled plants. Figure 2 , A and B, shows that, except for the drop in leaf-water potential (A,,) and turgor potential (%,) in root-chilled plants just after the start of chilling, their water relations did not differ very much from controls. After rewarming, the potentials of root-chilled plants did not change substantially. Much larger changes occurred in the water relations of shoot-chilled plants (Fig. 2C) . The leaf-water potential of the plants increased about 50% and the osmotic potential (46,) decreased about 160% during chilling, hence the calculated turgor potential increased at least 15-fold. After 2 d of rewarming, the potentials of shoot-chilled plants were almost back to those of the control plants.
Stomatal Conductance. The abaxial stomatal conductance mostly remained constant in the control leaves during the experimental period (Fig. 3A) . Both root chilling (Fig. 3B ) and shoot chilling (Fig. 3C) caused reduction in stomatal conductance, but after 2 d ofrewarming, the conductance returned to values higher than that of control plants.
Net CO2 Uptake Rate. The net CO2 uptake rates during and after chilling (Fig. 4) are expressed as percentages of their respective prechilling rates measured on day 16, prior to chilling. Net CO2 uptake rates of control plants were similar at the beginning and end of the measurement period (about 14 mgCO2 dm 2 h-'), indicating no loss in photosynthetic capacity in unchilled plants with increasing age. The net CO2 uptake rate of root-chilled plants declined rapidly with chilling and then remained relatively unchanged during the remainder of the cold period. During the 1st d of shoot chilling, the net CO2 uptake rate was not significantly different from the prechilling rate. On the 2nd d of shoot chilling, a gradual decline in net CO2 uptake rate began and continued until the 5th d of chilling, with no further decrease in the rate after that. Net CO2 uptake measurements repeated on another group of shoot-chilled plants showed the same pattern of change. At the end of the week of chilling the net CO2 uptake rates of root-and shoot-chilled plants were both significantly lower (ANOVA, P < 0.01) than the control rate, and the shoot- (Table III) . Pods, although at least as numerous on shoot-chilled plants as on controls, were mostly immature and the seeds they contained were too small to contribute significantly to the total seed weight. The abortion of flowers and the delayed renewal of flowering had the greatest effect on seed dry weight at harvest time, where the shoot-chilled total seed dry weight was only 22% of the control weight.
DISCUSSION
The results of these experiments show that one cannot accurately assess the subsequent effects on growth of a chilling treatment done early in the life of the plant from the short term symptoms observed during chilling. Even though some of the short term effects of root and shoot chilling were similar, the long term effects of the two chilling treatments were very different.
Although shoot chilling caused greater reduction than root chilling in leaf elongation rate ( Fig. 1 ; Table I ) and in leaf emergence rate (Table II) , these differences disappeared shortly after rewarming. By 90 d after emergence, the shoot-chilled plants had far surpassed the root-chilled and control plants in leaf production because they developed numerous axillary branches (Table III) .
There was an important difference in the effect of the two chilling treatments on leaf-water relations (Fig. 3) . Except for temporary wilting the afternoon after the roots were chilled, there were no consistently significant differences between the water relations of root-chilled and control plants. However, the water potential and turgor potential of shoot-chilled plants rose above those of controls while the osmotic potential fell below that of controls. All potentials were similar to the control values after 2 d of rewarming.
The increase in leaf-water potential during shoot chilling probably was caused by a decrease in growth chamber VPD with cooling; when the chamber was at 25C, the 70% RH produced a leaf-to-air VPD of 1.0 kPa, while at 10°C the 50% RH resulted in a VPD of only 0.6 kPa. It seems likely that this reduced vapor pressure gradient, along with partially closed stomates (Fig. 3C) (Fig. 2C ), but the low temperature probably inhibited the biochemical factors controlling leaf enlargement. There was no clear relationship between stomatal conductance and net CO2 uptake. Stomatal conductance decreased greatly in both root-and shoot-chilled seedlings during the 1st d ofchilling. Uptake of CO2 also decreased greatly during the 1st d of root chilling, but decreased more slowly and to a lower rate over the first 5 d of shoot chilling, suggesting that some limitation to photosynthesis in addition to stomatal closure developed during shoot chilling. Stomatal conductance returned to normal within 2 d after rewarming both root-and shoot-chilled plants. There also was no clear relationship between Chl content and photosynthesis in shoot-chilled plants. The pattern ofChl decrease was different from that for CO2 uptake, and although the rate ofCO2 uptake returned to normal after 2 d of warming, the concentration of Chl still was far below that of control plants (Musser, Thomas, Wise, Peeler, Naylor: Plant Physiol. In Press).
Neither changes in stomatal conductance nor in concentration ofChl adequately explain the pattern of net CO2 uptake observed in shoot-chilled plants, especially the unexpected lack of change during the 1st d ofshoot chilling mentioned previously. Markhart et al. (17) observed that soon after the initiation of chilling of whole soybean plants, the apparent inhibition of net CO2 uptake under normal atmospheric 02 levels by photorespiration was only about half of the level of inhibition seen in warm control plants, but that after several days of chilling, photorespiratory inhibition had increased to normal control levels. Further research is needed to establish whether an initial decrease and subsequent recovery of photorespiration along with a reduction in gross photosynthesis during the first few days of shoot chilling caused the pattern of change in net CO2 uptake seen in this experiment.
At the end of the 2-d recovery period following rewarming, most of the physiological processes or substances measured in the experiment had either returned to normal or were showing signs of recovery. Based on this observation, one might have expected relatively little further effect on the plants caused by either chilling treatment, except for a delay in general development as evidenced by the appearance of fewer trifoliolate leaves on chilled plants than on the controls. There was no significant effect from root chilling on the time to anthesis, on the rate of flower and pod abortion, or on most vegetative or reproductive characteristics of the plants at 90 d of age.
In contrast, in shoot-chilled plants the delay of anthesis until after shoot rewarming and the subsequent abortion of many of those flowers was the first indication of the substantial change in vegetative morphology and delay in reproductive development which was found at harvest. Flower abortion in chilled rice (1), wheat (24) , and sorghum (3) is probably caused by male sterility resulting from inhibited meiotic division in the pollen mother cells during chilling of the flower, but the cause of abortion in soybean has not been determined.
If the only change in reproductive development caused by shoot chilling had been the loss of those flowers which aborted soon after chilling, then the overall effect of shoot chilling on flowering would have been much less. However, the change causing the greatest effect on reproductive development was the inhibition of new flower development for many weeks after the shoot chilling period. Accompanying this was an increase in the number and weight of axillary branches. Instead ofa large flower and pod sink for photosynthate, shoot-chilled plants developed a large axillary branch sink. Whether or not the development of a large sink of axillary branches inhibited flower development or whether the lack of new flowers and pods stimulated the development of numerous axillary branches is not clear.
As was mentioned before, even though the pods were as numerous on shoot-chilled plants as on controls, they were very young at harvest time and so the dry weight of seeds was greatly reduced. However, if they had been grown long enough to allow all flowers to produce pods and for all pods to mature, then the shoot-chilled plants had the potential for a yield that might have been greater (154 flowers and pods at day 90) than the controls (124 flowers and pods at day 90). However, this potentially greater yield brought about by the larger number of axillary branches supporting flowers and pods probably would not have been realized in field situations for two reasons. First, the requirement for a longer growing season to mature a crop delayed by an earlier chilling event might not be met. Second, we observed that by the end of 90 d of growth, the lower axillary branches of shoot-chilled plants were becoming so heavy that they were starting to break off at the main stem. Extensive self-pruning would cause the loss of pods developing on these branches.
In conclusion, both root and shoot chilling caused temporary and mostly reversible changes in metabolic processes after 1 week. Some effects such as wilting were transitory and did not persist during the chilling period, and other effects which developed during chilling disappeared after rewarming. Still other effects not immediately apparent at the end of the chilling period produced the greatest eventual perturbation in the plants. On the whole, we found that root chilling of young Ransom soybean plants for 1 week at 10°C had no significant long term effect on morphology, development, or seed weight, while shoot chilling to 10°C had a marked long term effect on the vegetative morphology, reproductive development, and time from seedling emergence to pod maturation.
